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Abstract 
A limited area p-n junction approach can increase the open circuit voltage (Voc) of silicon solar cells when the emitter 
recombination dominates. A limited area p-n junction silicon solar cell is designed and the effect of reducing emitter areas on the 
Voc, short circuit current (Jsc) and fill factor (FF) is studied using the 3-D simulator Quokka. This paper compares the modelling 
result of this approach on structures with different values of emitter recombination. It is concluded that voltage improvement can 
be achieved when the emitter dominates the total recombination. The result also shows that the current collection and FF can be 
maintained with an optimized unit cell design. The paper also extends the approach to thin (20 μm) solar cells, demonstrating the 
potential for Voc values up to 770 mV when excellent surface passivation is employed. 
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1. Introduction 
Improving the passivation of surfaces and contact regions is a principal path to increasing the voltage of silicon 
solar cells. This project studied the potential of increasing the open circuit voltage (VOC) on silicon solar cells by 
localized p-n junction area, which reduce the junction area to absorber surface, by the 3-D simulator Quokka [1].  
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This paper presents a limited area p-n junction solar cell design and introduces the modelling results. The 
modelling parameters employed for the simulation were extracted from the literature and will be described below. A 
range of localised p-n junction structures with varying emitter resistivity and recombination properties were 
analysed; results are presented and conditions under which the localised p-n junction approach contributes to 
increased Voc are identified. The study focuses on thick devices (200 μm), but the model is also extended to thin 
cells (20 μm). 
2. Structure design 
Fig. 1(a) shows the design of a unit cell of limited area junction solar cell, with a 1ȍcm p type substrate, diffused 
emitter, rear localised Al contact and front Ti/Pd/Ag contacts. The emitter and contact areas are designed in a line 
shaped geometry, which is easy to demonstrate experimentally. 
Fig. 1(b) shows the cross section view of a limited-area-junction unit solar cell and the main recombination 
sources embedded within the device: 1) bulk 2) p type surface 3) emitter 4) front contact 5) rear contact. When the 
emitter area is reduced, the emitter recombination (3) is proportionally reduced while recombination from the 
substrate surface (2) is proportionally increased. In solar cells where the sum of emitter and junction recombination 
is higher than the surface recombination in the non-junction area, reducing the emitter area will contribute to 
reducing I0, and therefore to improving Voc. These improvements are most pronounced when the sum of emitter and 
junction recombination dominates the overall recombination. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) 3-D structure of a unit cell of limited area junction solar cell  (b) cross section view of limited area junction solar cell showing the 
recombination sources from the designed structure. 
3. Settings from literature 
To study a practical result that can be achieved, values for the emitter recombination, the surface recombination 
velocities and the bulk lifetime for 1 ȍ-cm p-type material were extracted from the literature.  
According to the results presented in Ortega et al. [6], the lowest emitter recombination that has been achieved by 
his group on a 1 ȍ-cm p-type FZ crystalline Si wafer are shown in Table 1 below, 
                    Table 1. Phosphorus diffused emitter recombination on 1ȍcm p type FZ substrate. 
Emitter Rsh (ȍ/sq) Peak doping (cm-3) Junction depth (Ɋm) J0e (fA/cm2) 
280 3.0e18 0.9 2.5 
105 1.4e19 1.1 11 
70 2.0e19 1.2 21 
15 6.8e19 2 110 
Notes: the peak doping and junction depth information was obtained by private communication from the author Pablo Ortega. 
According to a paper be Benick et al. [7], the lowest surface recombination velocity on non-diffused 1ȍcm p type 
FZ samples is less than 5cm/s, which was achieved on the FZ sample passivated by AlO. 
It is assumed that only intrinsic recombination (radiative and Auger recombination) occurs in the p type FZ 
samples, the lifetime of the sample is thus calculated without considering the SRH recombination. The intrinsic 
lifetime of 1ȍcm p type FZ wafer is calculated by the recombination model on the PV lighthouse website [8], using 
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a radiative recombination model by Trupke [9] and the Auger recombination model by Richter [10]. The bulk 
lifetime is an injection level dependent parameter. For our modelling, we use the lifetime at 1e15cm-3 injection level.  
 
Fig. 2. Intrinsic bulk lifetime of 1ȍcm p-FZ silicon wafer. 
4. 3-D simulation by Quokka 
A limited area emitter solar cell structure is modelled by the free solar cell simulator Quokka [1]. The conductive 
boundary approach used by Quokka allows the p-n junction to be characterized via a single property, the effective 
recombination. This eliminates the simulation and analysis of the depth resolved properties of the doped region. 
The spacing between the line emitter, the unit cell dimension, is also optimized to achieve voltage improvement 
while maintaining the current collection when reducing the emitter area. Since the contact size is very small in this 
case, the contact recombination should not have a large influence on the voltage. The saturation current for the 
contacted area is set to be identical to the non-contacted region and the metal shading is ignored. More detailed 
models taking into account these aspects will be included in a future study. 
Fig. 3 shows the 3-D unit cell design and the simulated structure by the Quokka simulator and Table 2 shows the 
input settings in the Quokka model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. simulated structure (half of the unit cell) by Quokka, with localised emitter (red). 
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                              Table 2. The input settings for the limited area junction solar cell. 
Cell dimension Z axis: thickness (ȝm) 200 
X axis: width (ȝm) 150 
Y axis: cell depth (ȝm) 200 
Front Contact width (ȝm) 1 
Emitter width (ȝm) Varied from 5ȝm to 150ȝm 
Emitter sheet resistivity (ȍ/sq) Input of four cases from Table 1 
Emitter junction depth (ȝm) 
Emitter J0 contacted (A/cm2) 
Emitter J0 non-contacted (A/cm2) 
Remaining J0 (A/cm2) 5e-15 
Bulk Bulk resistivity (ȍcm) 1 
Bulk lifetime (ȝs) 3300 
Rear Contact width (ȝm) 1 
Rear J0 contacted (A/cm2) 5e-15 
Rear J0 non-contacted (A/cm2) 5e-15 
5. Simulation result 
5.1. Voc result with reduced emitter area 
Fig. 4 shows simulated open circuit voltages for solar cell structures with four different emitter sheet resistance. 
With decreasing emitter area, the Voc is increasing strongly on the structure with 15ȍ/sq emitter, and increasing 
slightly on the structure with 70ȍ/sq, and 105ȍ/sq emitter while slightly decreasing with 280ȍ/sq emitter. At low 
emitter area fraction, the voltage calculated for the four cases converge to almost exactly the same value. To analyse 
the underlying reason for the voltage change on the four structures, the emitter recombination of four cases is 
compared in Table 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Voc variation with reduced emitter area on the structure with different emitter recombination. 
Table 3. Summary of emitter recombination and voltage increase from small area (3.3%) to full area structure. 
Sheet resistivity (ȍ/sq) 15 70 105 280 
J0e (fA/cm2) 110 21 11 2.5 
J0 front remaining surface (fA/cm2) 5 
Ratio of emitter recombination to total recombination loss on full area emitter structure 85.1% 52.1% 35.9% 11.1% 
Full emitter Voc (mV) 685.4 715.5 722.5 730.2 
3.3% area emitter Voc (mV) 724.4 727.2 727.5 727.8 
Voltage increase from 3.3% to 100% area emitter (mV) 39 11.7 5 -2.4 
 
The four cases on full area emitter structure are tested under open circuit voltage condition and the emitter 
recombination ratio is shown in Table 3. From Table 3, the 15ȍ/sq emitter has the highest J0e and it accounts for the 
 Peinan Teng et al. /  Energy Procedia  77 ( 2015 )  651 – 657 655
highest recombination ratio (85.1%) at full area emitter structure. Though the 70ȍ/sq and 105ȍ/sq emitter have a 
lower J0e, the emitter J0e is still higher than the passivated front non-emitter surface J0; therefore, further reducing the 
emitter area will improve the voltage. However, the 280ȍ/sq emitter has a J0e even lower than the J0 for the 
passivated non emitter surface, and therefore, reducing the emitter area will cause a voltage reduction. At the 
smallest simulated emitter (3.3% area) condition, the four cases show similar voltages, indicating that the emitter 
recombination is no longer the limiting factor of the output voltage. 
Summarily, the limited area p-n junction approach can lead to improved voltage when the emitter recombination 
is higher than the front non-passivated surface recombination. To see the voltage improvement, emitter 
recombination should be the dominant source, like the example in the 15ȍ/sq case shown in Fig. 4. This requires 
very good bulk lifetime and good surface passivation. 
5.2. Voc, FF, Jsc and efficiency result with reduced emitter area on 105 ohm/sq emitter case  
Current collection and FF were also studied for a solar using the limited p-n junction approach. Fig. 5 shows the 
output Voc, Jsc, FF and efficiency variation with the emitter area. When the emitter width increases from 5ȝm to 
150ȝm (full area), the Voc decreases from 727.5mV to 722.5mV and the FF decreases from 82.05% to 81.87%, 
while Jsc decreases from 42 mA/cm2 to 41.1 mA/cm2. The Voc increases continuously with reduced emitter area 
while FF increases and the current decreases, therefore an optimum point with best efficiency (24.92%) is observed 
at emitter width of 75 ȝm (emitter area accounts for 50% of total emitter area). In the example of 3.3% emitter area, 
the current loss overcompensate the voltage gain, resulting in lower efficiency than for full area emitter. 


Fig. 5. Voc Jsc FF and efficiency variation against emitter area 
Table 4. Comparison of Voc Jsc FF and efficiency of full area emitter and 3.3% emitter area structure. 
 Voc (mV) Jsc (mA) FF (%) Efficiency (%) 
full emitter 722.5 42.1 81.87% 24.87% 
3.3% emitter 727.5 41.2 82.04% 24.60% 
Peak efficiency point (50% emitter) 725.1 41.9 81.99% 24.91% 
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5.3. Voc and FF result with reduced emitter area of thin structure result 
To achieve higher Voc, we modelled a thin (20-μm-thick) structure with all other parameters identical to the 
calculations for the thick structure. It is found that reducing the emitter area to 3.3% could improve Voc by 28.5 mV 
to 770 mV with 1 fA/cm2 p-type surface recombination. The generation profile used here was extracted from a 
PC1D model of 20ȝm thick silicon solar cell with light trapping scheme. This indicates that on a thin solar cell 
where the emitter recombination dominates, reduction of emitter area could help improve the open circuit voltage 
even further. 
 
Fig. 6. Voc Jsc FF and efficiency variation against emitter area of thin structure 
6. Summary 
This paper studied the limited area p-n junction approach on silicon solar cells using the 3-D simulator Quokka. 
The result shows that this approach can help improve the open circuit voltage when the emitter recombination is 
higher than that of front non-emitter area. Voltage improvement can be achieved when the emitter dominates the 
recombination.  
In future the high voltage limited area junction silicon solar cell will be fabricated and characterized, which will 
include extracting the J0 component from each part experimentally and allowing a more realistic estimation of an 
upper limit of the open circuit voltage that can be achieved.  
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